Carbon dioxide (CO2) captured in carbon dioxide capture and storage (CCS) processes is transported and stored in a supercritical state. Heat exchangers, especially recuperators, with CO2 on both the hot and the cold side are often impacted by the occurrence of a pinch point, that is, area of closest approach between hot and cold temperature curves. CO2 in CCS systems is not pure, and even small amount of admixtures can have a significant effect on the location and impact of the pinch point, on heat transfer properties and exchanger sizing. This work investigates the effects of several admixtures on these parameters. It is found that these admixtures may have a slightly positive effect on recuperative heat exchangers. However, these admixtures also result in a significant size increase of CO2 coolers.
Introduction
Supercritical carbon dioxide (S-CO2) has been in researchers' scope of interest for some time as a perspective working fluid for various applications in power cycles. Except for closed loop operation, with the recent emergence of urgency for CCS (carbon dioxide capture and storage) systems, there is a need for new technologies employing CO2. CCS systems are usually considered as a chain consisting of three separate systems: capture, transport and storage of carbon dioxide. Particularly for transport and subsequent storage, CO2 needs to be compressed to a supercritical state, and this process currently seems to require many stages with intercooling. [1] The transported and stored medium in CCS systems does not usually consist of pure CO2, but of a mixture with other components that issue from the combustion process, as the separation process is not perfect. The mixture mostly comprises a high percentage of CO2 (> 95.5% [1] ) together with other ballast gases (nitrogen, water, carbon monoxide, oxygen, hydrogen, argon etc.). The amount of these gases is typically kept limited due to material problems, health and safety considerations, storage systems consideration, and especially cost. On the other hand as it is further shown, these gases may also have some beneficial effect. The recommended quality of carbon dioxide for pipeline transport is shown in Table 1 . The content of ballast substances can have a significant impact on the design and operation of transport and storage systems (e.g. larger facilities, increased energy consumption of compressors), which should not be neglected. This leads to a need for reliable and cost-effective design of the components working with this fluid (such as heat exchanger, compressors, expanders, valves etc.)
Unlike with regular heat exchanger design, heat exchangers with CO2 or high CO2 content mixtures (above 95%) on both the hot and the cold side are often impacted by the pinch point. This means that the terminal temperature difference approach no longer provides a reliable means of heat exchanger calculation. The presence of admixtures affects the position and extent of the pinch point, and thus the natural occurrence of these admixtures might be beneficial. In fact, the deliberate addition of certain gases into the CO2 mixture could be considered as a way of limiting certain negative effects.
The effect of the pinch point was primarily observed in the design of thermal cycles with supercritical CO2. [3] As the gas in this case also contains certain levels of impurities, it has been in the scope of our group's research. [4] Our research showed the effects of various admixtures on the whole system. However, the research indicate that admixtures could have a positive effect on recuperative heat exchangers, i.e. when the working media and mass flow are identical between hot and cold sides. Other types of heat exchangers are also affected, with regards to CCS systems this primarily concerns coolers, which are important components of compression stations. The effect of admixtures mentioned in Table 1 is very important for the design of heat exchangers within CCS technology. The effect of admixtures on the whole system has been studied elsewhere, [8, 10] and some research has been done to investigate thermo-physical properties of the mixtures. [7] However, our research of literature to date has failed to find any records of work focused on the admixtures' effect on specific equipment, including heat exchangers.
The scope of this work is to investigate the effect of several potential admixtures on such heat exchangers. The first part of this paper provides a general descriptions of the pinch point issue and sets out a specific approach to predict its occurrence and location. Next, potential admixtures of interest are described together with their general effect on the pinch point. Finally, the paper presents a detailed example of heat exchanger calculation in two configurations: as a regenerative CO2-CO2 heat exchanger and as a CO2 cooler with water on the cold side. The regenerative CO2-CO2 heat exchanger is currently considered inapplicable in CCS systems. However, it may be used for auxiliary technology or for other technology that utilizes CO2. The results show that although the admixtures can have a positive effect at some point, caution should still be exercised in regards to the whole system and the effect on all system components. 
Nomenclature

CCS
Description of Pinch point
The occurrence of a pinch point may present a significant issue in the calculation of efficient heat exchanger designs in systems with identical working media and mass flow but different pressure levels on both the hot and the cold side, for a large range of temperatures. The pinch point may be present for any type of medium, but its influence on components is especially high when CO2 is employed as a working medium. As has been noted, the pinch point primarily occurs in recuperative heat exchangers with identical working media and mass flow on both the hot and the cold side, whereas other types of heat exchangers are usually not impacted by this issue. However, recuperative CO2-CO2 heat exchangers are currently considered inapplicable in CCS systems. Nevertheless, they may be used for auxiliary technology or for technology that utilizes CO2 produced from CCS as a working medium.
The "pinch point" occurs when the heat capacity of the hot and cold streams are equal for two different pressure levels. [2] In the case of CO2, the heat capacity changes drastically near the critical point, as shown in Figure 1 . Large changes of heat capacity near the critical point have a high probability of causing equal heat capacities of hot and cold streams in supercritical CO2. However, heat capacities can be equal under certain pressure and temperature levels regardless of the distance from the critical point. This presents a problem for the calculation of effective heat exchanger. Fig. 1 . Diagram of CO2 heat capacity dependence on temperature and pressure. [9] The resulting effect is that the normal procedure for the calculation of heat exchangers, which is based on terminal temperature difference, cannot be used in the case of CO2-CO2 heat exchangers. This simple and common method is based on mass and energy balance and accounts only for terminal temperature difference. As a result, the calculation has to be divided into separate small steps, with each of them necessitating a check of the minimum temperature gradient. The solution for a given minimal temperature difference is then found iteratively. The occurrence of a pinch point in the heat exchanger not only complicates the calculation of its design, but it also results in heat exchanger designs hampered by large size and low efficiency.
For the calculation of these heat exchanger designs, the first step is to determine the location of the pinch point. Determining pinch point occurrence is very simple if we know the heat capacity of CO2 for different pressures and temperatures. However, the calculation of its exact location throughout the whole exchanger is time consuming, it requires using tables with thermo-physical properties of CO2 and an increasing number of successive iterations. This problem can be eliminated if the intersection point of the heat capacities can be determined and if its pressures and temperatures are known. In the framework of previous studies, the following equation (1) has been derived. [2] (1)
The equation (1) shows the dependence of intersections of heat capacity on temperature and pressure. As heat capacity is already matched to a given temperature, there is no need to determine heat capacity in the equation, and the result of the equation gives the temperature of the intersection at which the pinch point occurs. The presented function already contains this dependence. The graphical representation of this dependence is shown in Figure 2 . The equation (1) makes it possible to verify the occurrence and location of the pinch point from the outset of heat exchanger design. Thereby, it is possible to reduce the number of iterations and accelerate the whole calculation process. The parameters (P1) and (P2) are the pressures of hot-and cold-side CO2 in MPa. The parameter T is the temperature of the intersection. The results of the equation (1) are accurate to within approx. ± 2 °C.
Gaseous admixtures
The pinch point can be removed using a mixture of CO2 with other gases. [4] Seeing that mixing CO2 with other gases can shift the location of the pinch point, it is possible to effectively remove this point from a heat exchanger. However, adding other gases also has an effect on the behaviour of other components of the system. This part of the paper is focused on finding the optimal gaseous admixture for components in CCS systems, taking into account their pinch point shift. The research is focused on binary mixtures using pure gases that have a critical point lower than CO2 and that are also constituents of the gaseous mixtures in CCS systems.
Building on our previous research, we chose Ar, N2 and O2. [4] Furthermore, CO was selected with respect to CCS technologies. Helium was considered only for reference, as its shift value is large. The critical points of pure CO2 and other pure gases used are shown in Table 2 . Table 2 clearly shows that helium has the lowest critical point, and therefore He has a large positive effect on the pinch point. However, it is not naturally present in CCS systems and is considered herein only as a reference gas and as a tool for comparing other mixtures. Argon, O2 and N2 are used because they are constituents of air. Air is very likely to be present in CCS systems as an impurity. Separated CO2 streams in CCS technology can also be expected to contain some Ar, N2, O2, as well as CO.
Effect of admixtures
Previous work [4] has shown that the pinch point can be removed with the addition of small amounts of another gas, where He, Ar, O2, and N2 were used. This paper drew on knowledge from previous work [4] , which focused on power cycles with closed loop working fluid operation. This part of the paper focuses on the pinch point shift effect of gases that are present in CCS systems. Ar, N2, O2 and CO gases were considered for their occurrence in CCS systems.
Each of the tested gases has a different effect on the pinch point shift, as each gas has a different critical point, which impacts the critical point of the mixture. In this paper we used various mixtures of CO2 with one other gas with two different mole fractions, 0.01 and 0.05. The calculations were performed for pressures ranging from 7 to 20 MPa for the cold side of the heat exchanger and pressures 8, 12 and 20 MPa for the hot side. The mixtures were created using the NIST (National Institute of Standards and Technology) properties database [9] .
The results for the shift in the pinch point is shown in Figure 3a . This result is for a pressure level of 20 MPa for the hot side and a mole fraction of 0.01. According to the Figure 3a , it is clear that the greatest pinch point shift is for He. This shift is constantly approx. 2.56 °C ± 0.1 °C. Carbon monoxide has the second highest shift after He, with a pinch point shift of approx. 1.75 °C ± 0.1 °C, the shift for other admixtures is smaller.
The results for a mole fraction of 0.05 are shown in Figure 3b . This result is for a pressure level of 20 MPa for the hot side. The results for this mole fraction have a similar trend to those for a mole fraction of 0.01. The largest shift in the pinch point is for He with a value of 13.45 °C ± 1 °C. The second largest pinch point shift is for CO with a value of 8.72 °C ± 0.5 °C.
The results for mole fraction from 0.01 to 0.05 suggest that the pinch point shift has a linear dependence. This linear dependence is shown in Figure 4 for He, CO, and N2. The biggest pinch point shift of all the examined gases is for He, while the smallest is for N2. Fig. 4 . Dependence of the pinch point shift on mole fraction. Table 3 shows the magnitude of the pinch point shift for the tested gases. These values are for a mole fraction of 0.01. The shift values from Table 3 can be very useful when designing the optimal working mixture for systems with S-CO2, or when researching the effect of the fluid in CCS technology on compression and transport systems. In the initial design phase it is possible to accurately include the pinch point in the calculation, to know its dependence on admixture content, and eventually for certain cases to choose the most beneficial admixture and its amount. The temperature of the pinch point can be calculated using a similar equation to equation (1) because the dependence of the intersection on the temperature and pressure of the mixture follows the same principles as for pure CO2. Equation (1) and the results are merely adjusted to reflect the overall heat capacities of the mixture.
The results show that helium constitutes a significant potential tool for removing the pinch point. Unfortunately, from a practical perspective, He can hardly be considered usable for deliberate adding into CCS systems. This paper regards He merely as a reference gas. Of the gases possibly present in CCS systems, the best effect is found for CO, but the other gases follow closely. The worst of the potentially present gases is N2.
Calculation of heat exchanger design
This last part of the paper presents a detailed example of a heat exchanger with admixtures. The effects of the gaseous admixtures are shown especially with respect to the design and size of the heat exchanger. The calculation is performed for two different cases of heat exchanger. The first one is for a regenerative CO2-CO2 heat exchanger, while the second one is for a CO2-H2O cooler, where H2O is employed as a cooling medium and CO2 is being cooled.
Description of heat exchangers
Both the regenerative heat exchanger and the cooler are considered as a segment of a single pass shell and tube heat exchanger in counterflow configuration. The outer casing consists of a high pressure tube with the dimensions of 120 x 10 mm. Inside the high pressure tube there is a set of 37 tubes, each with the dimensions of 10 x 1.5 mm. The dimensions are selected according to the dimensions of the heat exchangers used in the experimental loop, [5] to allow for future experimental verification. The thermal conductivity of tubes is given as 14.65 Wm -1 K -1 based on a previous calculation for the same experimental loop. Calculations for both the regenerative heat exchanger and the cooler were made for the basic situation with pure CO2 and for cases including an admixture with a mole fraction of 0.01 or 0.05 and at various pressure levels. The mixtures were created using the NIST (National Institute of Standards and Technology properties database) [9] .
The parameters for the calculation of the regenerative heat exchanger are shown in Table 4 and for the cooler with H2O in the cold side in Table 5 . The content of admixtures in the CO2 is 0.01 and 0.05 mole fraction for all calculations. 
Description of calculation
A major difficulty for the calculation of heat exchanger design is the occurrence of the pinch point, which causes problems in the design and subsequent operation of recuperative heat exchangers. If the calculation is performed using the classical approach based on mass and energy balance and accounting only for terminal temperature difference, there can even theoretically occur a state of negative temperature gradient in certain places within the heat exchanger. The occurrence of the pinch point in a heat exchanger resulting in a theoretically negative temperature gradient is shown in Figure 5 . The negative temperature gradient as shown in Figure 5 is, of course, only a theoretical consideration. In reality, when approaching this point the heat transfer practically ceases to take place, and the heat exchanger becomes unstable. It is necessary to prevent a negative temperature gradient in the calculation. However, determining the pinch point is time consuming and increases the number of iterations required for calculating the heat exchanger design.
For this reason it is necessary to perform a detailed calculation, which reflects the presence of a pinch point, so that a positive temperature gradient in the heat exchanger is assured. The calculation is thus divided into three steps.
The first step is to establish the occurrence and temperature of the pinch point in the heat exchanger. This is based on a point of equal heat capacity for both hot and cold streams at given pressures. If the ranges of the hot and cold stream heat capacities do not intersect, the pinch point is not present in the heat exchanger. The calculation then proceeds along standard design principles and uses the minimum temperature gradient on the cold end of the heat exchanger.
If the ranges of the hot and cold stream heat capacities do intersect, the second step is to choose a minimal temperature gradient in the pinch point. It is possible to keep the calculated pinch point temperature on either the hot or the cold side. The temperature of the second fluid is then adjusted by the chosen temperature difference. For the presented example, this is chosen to be 10 °C.
Step three is to calculate the step-by-step development of the hot and cold stream temperature from the pinch point towards the cold end and subsequently towards the hot end of the heat exchanger. This calculation uses basic equations for heat exchangers with a counterflow arrangement. A result of this calculation fulfilling the positive temperature gradient criteria is shown in Figure 6 .
The calculations are performed using the Dittus-Boelter equation to determine the Nusselt number, equation (2) . The heat exchanger is divided into 50 nodes, the individual lengths of which were calculated first to obtain the overall length of the heat exchanger. The Dittus-Boelter equation is used to determine the Nusselt number, which is valid for 0.6 < Pr < 1.2 10 2 , L/d > 50, 10 4 < Re.
The calculation of cooler designs is performed in the same way as for regenerative heat exchangers. However, in all investigated cases of coolers it was confirmed that the pinch point does not occur. The reason is that the range of heat capacities for the H2O and CO2 streams do not overlap. The calculation is then conducted based on a minimal terminal temperature difference. Figure 6 shows the temperature curves for the heat exchanger with pure CO2 at pressures of 20 MPa for the hot side and 8 MPa for the cold side. The resulting values for all mixtures and for a mole fraction of 0.01 and 0.05 are shown in Table 6 .
Results
Result of regenerative heat exchangers
The results are similar for all the investigated pressure levels. The effect of gaseous admixtures on the necessary size of the heat exchanger is minimal for a mole fraction of 0.01. The best admixtures for CO2 are Ar and CO. The presented approach failed to remove the pinch point from the heat exchanger for all the investigated pressure levels.
If we consider the mixtures with a mole fraction of 0.05, similar results can be observed. Mixtures with Ar and CO are suitable for reducing the size of the heat exchanger. In these cases it was already possible to completely remove the pinch point from the heat exchanger. The admixtures succeeded in shifting the pinch point to the beginning of the heat exchanger. With the pinch point removed, the terminal temperature difference at the cold end can be used. Table  6 presents the results of heat exchanger sizing with admixtures (including for the referential admixture He) for pressure levels 20 and 8 MPa. 
Result of cooler
The cooler results for mole fractions of 0.01 and 0.05 are shown in Table 7 . Figure 7 shows the temperature curves for the cooler for mixtures of CO2 and CO with a mole fraction of 0.01. In the case of the cooler, different results compared to the regenerative heat exchanger were observed. The size of the cooler is increased by the presence of admixtures. As seen in Table 7 , the increase is subtle in the case of a mole fraction of 0.01. However, for a mole fraction of 0.05 the increase is significant. This is caused by the inferior heattransfer properties of the admixtures, even though their content is relatively small.
The increase in cooler size is the lowest for mixtures with Ar and O2 (mole fraction of 0.01). In the case of the referential gas (He), the increase in cooler size is more than double. 
Conclusion
The addition of gaseous admixtures into pure CO2 has a positive effect on shifting the pinch point down to lower temperatures. Each of the investigated gases has a different extent of the shift. Helium was observed to have the highest effect on pinch point adjustment (see Table 3 ), but He is mentioned here only as a referential admixture featuring a high shift (it is highly improbable for He to be deliberately added to captured CO2, and it might only be considered as an advantageous impurity if it happened to be present in the system for some reason).
The effect of admixtures on heat exchangers size is positive for regenerative heat exchangers, although its overall impact is relatively small. Although this type of heat exchanger is currently considered inapplicable in CCS systems, it might be usable in auxiliary technology or in alternative technologies that use CO2 from CCS as a working medium.
On the other hand, the admixtures have a negative effect on cooler size, potentially causing their size to double. The investigated gaseous admixtures adversely affect heat transfer and thus increase the required heat transfer area. This may be a complication in compression cooling systems with regards to the cooling of compressor stages or intercoolers and aftercoolers. The effect on the whole system, although nearly negligible, is expected to be positive overall for a mole fraction of up to 0.01. With an increasing mole fraction, the adverse effects become dominant and quickly reach unacceptable levels. It can thus be concluded that the optimal quantity of gaseous admixtures is up to a mole fraction of 0.01.
The investigated gaseous admixtures have an effect on the pinch point, on thermal cycle efficiency when applied to cycles as a working fluid, on heat exchanger efficiency, and on other components. This influence can be positive but also negative and depends on the required parameters for the system and its components. Even small amounts of gases cause a shift in the pinch point. This is a positive effect; although the pinch point is shifted by only a few degrees, this can suffice to eliminate the pinch point from the heat exchanger. In reality, the CO2 in power plant loops and CCS systems will not be pure, and so the presence of admixtures and their effect is an important aspect that should be considered. Further research on the use and effect of other binary mixtures or of mixtures with multiple additives is necessary. Multicomponent mixtures will be the focus of a future study. For example, research is being planned on a mixture of CO2 with several other components taken as a real sample of separated gas from fossil fuel plants with various CCS systems.
It is highly unlikely that we will be able to freely change the amount of gases present in CO2. However, the presented results can provide help in selecting the separation process with respect to final impurities, since the resulting effect of different gaseous admixtures will be known. The selection of the separation process and the purity of the CO2 from separation can significantly influence additional technologies, especially cooling compression stages in compressor stations. Last but not least, the possibility of the chemical interaction of non-inert admixture gases with each other and with the structural materials of system components should also be taken into account.
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